Purpose 17-Dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG), a heat-shock protein 90 (Hsp90) inhibitor, has been intensively investigated for cancer therapy and is undergoing clinical trials. Human epidermal growth factor receptor 2 (HER-2) is one of the client proteins of Hsp90 and its expression is decreased upon 17-DMAG treatment. In this study, we aimed to noninvasively monitor the HER-2 response to 17-DMAG treatment in xenografted mice. Methods The sensitivity of human ovarian cancer SKOV-3 cells to 17-DMAG in vitro was measured by MTT assay. HER-2 expression in SKOV-3 cells was determined by flow cytometry. Nude mice bearing SKOV-3 tumors were treated with 17-DMAG and the therapeutic efficacy was evaluated by tumor size measurement. Both treated and control mice were imaged with microPET using 64 Cu-DOTA-trastuzumab and 18 F-FDG. Biodistribution studies and immunofluorescence staining were performed to validate the microPET results.
Introduction
The chaperone heat-shock protein 90 (Hsp90) has recently emerged as a promising target for cancer therapy [1] . The unique characteristic of Hsp90 lies in the fact that it targets a specific set of client proteins that are mainly involved in signal transduction pathways [2] . Hsp90 has been reported to play an important role in the progress of malignant disease, and elevated Hsp90 levels have been observed in a variety of cancers, including breast, brain, colon, and lung [3, 4] . Hsp90 inhibitors, such as the benzoquinone ansamycin antibiotic geldanamycin (GA), inhibit the activity of Hsp90 and further disrupt the proper conformation of the client proteins of Hsp90, including epidermalreceptor (EGFR), Akt, and wild-type and mutated androgen receptors (AR) [5] [6] [7] .
HER-2, also known as ErbB-2 (erythroblastic leukemia viral oncogene homolog 2), is a cell membrane surfacebound receptor tyrosine kinase [8] . Overexpression of HER-2 increases cell proliferation, anchorage-independent cell growth, cell migration, and invasiveness [9] [10] [11] . HER-2 overexpression is detected in up to 30% of breast and ovarian cancers [12] . Overexpression of HER-2 has been correlated with invasive and poor prognostic features [13] . HER-2 is dependent upon Hsp90 for its stability throughout the whole life span of the receptor, including the maturation process in the ER, and during the residency of the receptor at the plasma membrane [14] . Consequently, the degradation of HER-2 upon inactivation of Hsp90 occurs from both the ER and the plasma membrane [15] .
17-Allylamino-17-demthoxygeldanamycin (17-AAG) is an Hsp90 inhibitor derived from GA. Both preclinical and phase I clinical studies of 17-AAG have shown that biologically relevant drug exposures can be achieved with surprisingly modest toxicity [16, 17] . However, the water solubility of 17-AAG is very poor, only around 50 μg /ml. Thus, it requires the addition of organic excipients such as dimethyl sulfoxide (DMSO) or polyoxyl castor oil (Cremophor) [18] . Clinical trials with 17-AAG in these excipients may confound the true maximum tolerated dose of 17-AAG and identification of the optimal dosing regimen in patients. Indeed, with low doses of 17-AAG in DMSO, there was no objective antitumor responses observed in several phase II trials including melanoma, hormone-refractory prostate cancer, and renal cell carcinoma [19, 20] . By modifying the side group, a more water-soluble analog, 17-dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG), has been developed and shown antitumor activity in human tumor xenograft models [21, 22] . 17-DMAG is currently in phase I/II clinical trials [23] .
The assessment of early response to anticancer therapy can improve patient care by identifying the only responding patients to continue the treatment. Those who do not respond and therefore may not benefit from the therapy will be able to avoid unnecessary toxic side effects and switch to different, more effective therapeutic approaches in a timely manner [24] . Since HER-2 is a key client protein of Hsp90, analyzing the expression status of HER-2 will be of great help in antitumor therapy with Hsp90 inhibitors including 17-DMAG. Traditionally, analyzing HER-2 overexpression in surgical specimens is most commonly accomplished by either immunohistochemical (IHC) staining or fluorescence in situ hybridization (FISH) testing [25, 26] . Despite the preselection for HER-2 overexpression based on IHC staining or FISH of a tumor biopsy, only 11-35% of patients in phase II trials responded to trastuzumab when it was given as a single agent [27] . Alternatively, various noninvasive molecular imaging modalities are under intensive investigation to provide the comprehensive diagnostic information that can improve patient management [28] .
Trastuzumab is a recombinant humanized anti-HER-2 monoclonal antibody developed by inserting the complementary determining regions (CDRs) of mAb 4D5 into the framework of a consensus human IgG [29, 30] . Trastuzumab has been labeled with various isotopes, chromophores, and paramagnetic nanoparticles for multimodality imaging of HER-2 expression [31, 32] . With
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In-labeled trastuzumab, HER-2-positive SKOV-3 tumor was clearly visualized on gamma camera scintigram imaged 72 h after injection [33] . In this study, we treated the human ovarian cancer SKOV-3 xenograft model with 17-DMAG. After treatment, 64 Cu-DOTA-trastuzumab PET imaging was performed to monitor HER-2 degradation. The goal of this study was to determine whether PET imaging with 64 Cu-DOTA-trastuzumab, a HER-2 targeted tracer, could be used to evaluate the expression level of HER-2 and to further monitor the early response of HER-2 degradation upon anti-Hsp90 therapy with 17-DMAG.
Materials and methods
All commercially available chemical reagents were used without further purification. 1,4,7,10-Tetraazadodecane-N, N′,N′′,N′′′-tetraacetic acid (DOTA) was purchased from Macrocyclics, Inc. (Dallas, TX, USA) and Chelex 100 resin (50-100 mesh) was purchased from Aldrich (St. Louis, MO, USA). Water and all buffers were passed through a Chelex 100 column (1×15 cm) before use in radiolabeling procedures to ensure that the aqueous buffer is heavy metal free. PD-10 desalting columns were purchased from GE Healthcare (Piscataway, NJ, USA). Athymic nude mice were obtained from Harlan (Indianapolis, IN, USA) at 4-6 weeks of age. 64 Cu was provided by the University of Wisconsin-Madison. The human ovarian cancer SKOV-3 cell line was obtained from the American Type Culture Collection (ATCC) and maintained in DMEM medium supplemented with 10% fetal bovine serum (FBS), 1% glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin (Invitrogen, Carlsbad, CA, USA).
MTT assay
The toxicity of 17-DMAG to SKOV-3 cells was determined by MTT assay. All studies were performed with triplicate samples and repeated at least three times. Briefly, cells were harvested by trypsinization, resuspended in DMEM medium, and plated in a 96-well plate at 3,000 cells per well. At 72 h after treatment with different doses of 17-DMAG (ranging from 0.1 nM to 0.5 μM) in 0.1% DMSO (Sigma, St. Louis, MO, USA), the culture medium was replaced and 50 μl of 1.0 mg/ml sterile filtered 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT, Sigma, St. Louis, MO, USA) was added to each well. The unreacted dye was removed after 4 h and the insoluble formazan crystals were dissolved in 150 µl of DMSO. The absorbance at 570 nm (reference wavelength: 630 nm) was measured with a Tecan microplate reader (Tecan, San Jose, CA, USA).
Flow cytometry
Twenty-four hours after 17-DMAG treatment, SKOV-3 cells were harvested and washed with phosphate-buffered saline (PBS) containing 0.5% bovine serum albumin (BSA). Upon blockade by 2% BSA in PBS, the cells were incubated with trastuzumab (10 μg/ml in PBS containing 2% BSA). Fluorescein isothiocyanate (FITC)-conjugated donkey antihuman IgG was then added and allowed to incubate for 1 h at room temperature. After washing, the cells were analyzed using an LSR flow cytometer (Beckman Coulter, Fullerton, CA, USA). The FITC signal intensity was analyzed using the Cell-Quest software (version 3.3, Becton Dickinson, Franklin Lakes, NJ, USA).
Western blot
At 8 and 24 h after treatment with 200 nM 17-DMAG, SKOV-3 cells were collected. Total protein was extracted using radioimmunoprecipitation assay (RIPA) buffer (Pierce Biotechnology, Rockford, IL, USA) plus 1 mM ethylenediaminetetraacetate (EDTA), 1% Triton 100, 10% glycerol, and protease inhibitors. The concentration of total protein was determined using a microBCA protein assay kit (Pierce Biotechnology, Rockford, IL, USA). After sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) separation of 40 μg of total protein, it was transferred to a polyvinylidene fluoride membrane (Invitrogen, Carlsbad, CA, USA) and incubated at room temperature with 5% nonfat milk blocking buffer. The blots were then incubated overnight at 4°C with trastuzumab followed by incubation at room temperature for 1 h with horseradish peroxidase (HRP)-conjugated antihuman antibody and anti-rabbit antibody (GE Healthcare, Piscataway, NJ, USA). The bands were detected using an ECL Western blotting detection system (GE Healthcare, Piscataway, NJ, USA) with α-tubulin as loading control.
Tumor model and treatment protocol
All animal experiments were performed under a protocol approved by the Stanford University Administrative Panel on Laboratory Animal Care (A-PLAC).
Subcutaneous SKOV-3 tumor models were established in 4-to 6-week-old female athymic nude mice. Typically,
5×10
6 cells suspended in 100 μl of serum-free DMEM medium were injected into the right front flank of the mice. The mice were subjected to microPET imaging studies when the tumor volume reached 200-400 mm 3 (3-4 weeks after inoculation). Animals in one group each received a total of 150 mg/kg of 17-DMAG dissolved in 10% DMSO and 10% ethanol over 24 h in three doses of 50 mg/kg each. The control animals were each injected with equal amounts of DMSO/ethanol without 17-DMAG. For therapy study, a dose of 50 mg/kg of 17-DMAG was given by tail vein injection for 3 consecutive days. Tumor growth was monitored by caliper measurement and tumor 
MicroPET and image analysis
Detailed procedures for DOTA conjugation were performed as previously described [34] . 64 Cu-DOTA-trastuzumab was purified by PD-10 column using PBS as the mobile phase. PET of tumor-bearing mice was performed on a microPET R4 rodent model scanner (Siemens Medical Solutions USA, Inc., Malvern, PA, USA). Twenty-four hours after 17-DMAG treatment, the mice were intravenously injected with 64 Cu-DOTA-trastuzumab (7-8 MBq/mouse) and static scans were acquired at 4 and 24 h post-injection (p.i.). For each microPET scan, three-dimensional regions of interest (ROIs) were drawn over the tumor, liver, heart, and muscle on decay-corrected whole-body coronal images. The average radioactivity concentration within a tumor or an organ was obtained from the mean pixel values within the ROI volume, which were converted to counts/ml per min by using a conversion factor. Assuming a tissue density of 1 g/ml, the counts/ml per min were converted to counts/g per min and then divided by the injected dose (ID) to obtain an imaging ROI-derived %ID/g.
For FDG imaging, after fasting for 6 h, 3.7 MBq of 18 F-FDG in 150 µl of PBS was injected via tail vein. A 7-min prone acquisition scan was performed approximately 60 min after injection. Mice were maintained under isoflurane anesthesia during the injection, accumulation, and scanning periods and the body temperature was maintained by a heating lamp. PET images were analyzed and quantified as described above. Biodistribution studies After microPET imaging, mice bearing SKOV-3 tumor xenografts were sacrificed and dissected. Blood, tumor, and major organs and tissues were collected and wet weighed. The radioactivity in each tissue was measured using a gamma counter (Packard Instrument) and the results were presented as %ID/g. For each mouse, the radioactivity of the tissue samples was calibrated against a known aliquot of the injectate and normalized to a body mass of 25 g. Values were expressed as mean±SD for a group of four animals. 
Immunofluorescence staining
Frozen SKOV-3 tumor sections (5 μm thick) were warmed to room temperature, fixed with ice-cold acetone for 10 min, and dried in the air for 30 min. The sections were rinsed in PBS for 2 min and blocked in 10% donkey serum for 1 h at room temperature. The sections were incubated with trastuzumab (10 μg/ml) for 1 h at room temperature and visualized with FITC-conjugated donkey antihuman secondary antibody (
Statistical analysis
Quantitative data were expressed as mean±SD. Means were compared using one-way analysis of variance (ANOVA) and Student's t test; p values<0.05 were considered statistically significant.
Results

17-DMAG inhibits SKOV-3 cell proliferation and induces HER-2 degradation
The effect of 17-DMAG on the proliferation of SKOV-3 cells was assessed by MTT colorimetric assay. We found that 17-DMAG inhibited cell proliferation in a dose-dependent manner (Fig. 1a) . The IC 50 value was about 34.58 nM at the 48-h time point and 24.72 nM at the 72-h time point.
17-DMAG has been reported to downregulate HER-2 expression through the inhibition of Hsp90 function [35, 36] . Next we performed flow cytometry analysis using trastuzumab as the primary antibody to assess the effect of 17-DMAG on HER-2 expression level in SKOV-3 cells. As shown in Fig. 1b, 17 -DMAG significantly decreased HER-2 expression in a dose-dependent manner. The HER-2 level dropped by 15% after incubation with 100 nM of 17-DMAG for 24 h and by 65% with 500 nM of 17-DMAG. Western results (Fig. 1c) showed that as early as 8 h after treated with 17-DMAG HER-2 protein level began to decrease, indicating that it is possible to detect the early response of SKOV-3 cells to 17-DMAG treatment by monitoring HER-2 degradation.
Imaging HER-2 expression with microPET 64 Cu-DOTA-trastuzumab was determined to have around 20 DOTA residues per trastuzumab [37] . Flow cytometry analysis with DOTA-trastuzumab showed that after DOTA conjugation, the antibody still keeps relatively high binding affinity with HER-2 (Fig. 2a) . The specific activity of Cu-DOTA-trastuzumab as quantified from microPET scans (n=4/group) 64 Cu-DOTA-trastuzumab was 1.36±0.15 GBq/mg mAb and the radiolabeling yield was around 85%. PET scans were performed at different time points after i.v. injection of 3.7 MBq of 64 Cu-DOTA-trastuzumab to SKOV-3 tumorbearing nude mice. As seen in Fig. 2b , the SKOV-3 tumor uptake of 64 Cu-DOTA-trastuzumab was increased with time and almost reached a plateau at about 24 h p.i. The tumor uptake was 2.39±0.76, 6.13±2.30, 19.85±0.83, and 25.69±3.10 %ID/g at 1, 4, 24, and 48 h p.i., respectively. 64 Cu-DOTA-trastuzumab exhibited high uptake in the heart (due to the blood pool activity) and liver at early time points, whereas the tracer uptake in all the other organs was at the background level (Fig. 2b) . As shown in Fig. 2c , the tracer uptake in both the heart and the liver dropped steadily over time. For the heart, the uptake was 29 
MicroPET imaging of HER-2 degradation
In order to image the HER-2 changes after 17-DMAG treatment, PET scans were performed in SKOV-3 tumor-bearing animals 24 h after a single dose of 17-DMAG treatment. The decay-corrected whole-body coronal images containing the tumors are shown in Fig. 3a . After being treated with 150 mg/kg of 17-DMAG for 24 h, the SKOV-3 tumor uptake of 64 Cu-DOTA-trastuzumab was much lower at both early and late time points as compared with the untreated group. Quantitative data based on ROI analysis are shown in Fig. 3b . In untreated mice, the SKOV-3 tumor uptake of 64 Cu-DOTA-trastuzumab was 10.96 ± 0.93 %ID/g and 33.90±7.82 %ID/g at 4 and 24 h p.i., respectively. The uptake in 17-DMAG-treated tumors was significantly lower, with 4.75±2.41 %ID/g and 11.74±4.23 %ID/g at 4 and 24 h p.i., respectively (p<0.05 at both time points). There were no significant differences in 64 Cu-DOTAtrastuzumab uptake in other major organs between the 17-DMAG-treated and untreated animals.
Biodistribution studies
After microPET imaging at 24 h p.i., the animals were sacrificed for biodistribution studies and the results are shown in Fig. 4a treatment, the uptake decreased significantly to 10.08± 0.71 %ID/g (p<0.01). Blood activity concentration was 15.38±6.09 and 15.61±4.71 %ID/g in 17-DMAG-treated and control group, indicating the relatively long circulation half-life of the antibody. The liver also had prominent radioactivity accumulation, with an uptake of 8.17±1.79 and 7.71±1.40 %ID/g at 24 h p.i., due to both the hepatic clearance of antibody-based tracer and possible transchelation. The spleen also had uptake similar to the liver.
Immunofluorescence staining
To further confirm that 17-DMAG induces HER-2 degradation in vivo, we performed immunofluorescence staining using trastuzumab as the primary antibody and FITCconjugated donkey antihuman IgG as the secondary antibody. Images were taken under the same conditions and displayed at the same scale to make sure that the relative brightness observed in the images reflected the difference in HER-2 expression level. In the untreated SKOV-3 tumor, HER-2 expression was very high as indicated by the strong pseudocolored green signal in the tissue. After being treated with 17-DMAG, HER-2 expression was apparently lower with a much weaker fluorescence signal (Fig. 4b) . Both the biodistribution and immunofluorescence staining studies confirmed that the decrease in tumor HER-2 expression level upon 17-DMAG treatment can be noninvasively monitored by 64 Cu-DOTA-trastuzumab PET.
17-DMAG inhibits SKOV-3 tumor growth
The effects of 17-DMAG on both the tumor volume and body weight are shown in Fig. 5a and Fig. 5b , respectively. 17-DMAG is relatively nontoxic as there was no significant difference in mouse body weight between the control and treated animals. After treatment with 17-DMAG, the tumor growth was delayed and the tumor size was significantly smaller than the control group by day 12 (p<0.01). The tumors in the control animals continued to grow exponentially with an apparent doubling time of 5.1 days and increased in size by a factor of 6.1 by day 16. In comparison, the 17-DMAG-treated animals were only increased in size by a factor of 3.3 by day 16 (Fig. 5a ).
Imaging of HER-2 changes during the therapeutic process
At day 7 after the first dose of 17-DMAG, i.e., day 3 after the last dose, the animals were scanned with 18 F-FDG and 64 Cu-DOTA-trastuzumab in tandem (Fig. 6 ). All tumors showed relatively high uptake of FDG. However, there was no significant difference between the therapeutic group 
Discussion
It has been reported that the Hsp90 inhibitor 17-DMAG is a more effective cytotoxic agent than 17-AAG in gynecologic cancer cells by affecting multiple downstream pathways including EGFR/HER-2 and Akt/PTEN [38] . The antitumor efficacy of 17-DMAG has also been confirmed in human breast and melanoma tumor models [39] . In this study, we treated SKOV-3 human ovarian cancer model with 17-DMAG and both in vitro and in vivo data supported that 17-DMAG is a potent anticancer agent. During the therapeutic Cu-labeled anti-HER-2 mAb trastuzumab for the noninvasive monitoring of HER-2 expression and degradation.
Accurate evaluation of the HER-2 status in tumors by noninvasive molecular imaging will be critical for HER-2-related therapies. HER-2 itself is an intensively investigated therapeutic target and trastuzumab is the first monoclonal antibody approved by the Food and Drug Administration (FDA). Guidelines of the American Society of Clinical Oncology (ASCO) recommend evaluation of HER-2 expression on every primary breast cancer either at the time of diagnosis or at the time of recurrence [40] . Moreover, as a key component in promoting cell proliferation, HER-2 is closely related to other therapeutics such as Hsp90 inhibitors as performed in this study or histone deacetylase (HDAC) inhibitors [41, 42] . Through monitoring the status of HER-2, the early response to certain drugs or potential drug candidates can be assessed. In this study, a series of imaging studies were carried out to evaluate HER-2 expression level. Cu-DOTA-trastuzumab was significantly lower in the 17-DMAG-treated group than that in the control group as reflected on the quantitative microPET images. In contrast, FDG PET was unable to differentiate the treated from untreated. Smith-Jones et al. previously imaged HER-2 level in a 17-AAG-treated BT-474 human breast cancer model and found that the decrease of HER-2 level lasted for at least 7 days [43] . The results from our experiment are consistent with their findings.
Despite the high affinity for HER-2 antigen and high accumulation in HER-2-positive tumors, 64 Cu-DOTAtrastuzumab has relatively slow clearance that makes it unsuitable for multiple scans within short time intervals. The imaging studies were done in a subcutaneous ovarian cancer model. It is not clear whether 64 Cu-DOTA-trastuzumab will be as useful in orthotopic ovarian cancer models since this antibody probe has relatively high uptake in the liver and lower abdomen. For such purposes, suitably labeled small molecules, peptides, antibody fragments, or affibodies might have an advantage over intact monoclonal antibodies [44, 45] . Overall, antibodies are still the best established class of binding molecules for tumor diagnosis and therapy [23, 46] . Compared with antibody fragments and affibodies, whole antibodies are superior in both affinity and specificity to the targets. In addition, much lower kidney accumulation may be an add-on for ovarian cancer localization and evaluation. Finally, 64 Cu-DOTA-trastuzumab PET imaging will be more appropriate to the situation in which Hsp90 inhibitors were combined with trastuzumab for synergistic tumor control. Since HER-2 is one of the most sensitive client proteins of Hsp90 [6] , it is not surprising to see synergistic effect when combining Hsp90 inhibition and anti-HER-2 therapy. Indeed, it has been reported that the combination of trastuzumab and 17-AAG induced enhanced HER-2 degradation and cytotoxicity in HER-2 overexpressing breast cancer cells [47] . More importantly, the synergistic growth arrest and cell death was not observed in cancer cells with low HER-2 expression. This synergistic effect was further substantiated by a phase I/II trial which showed multiple partial responses in HER-2-positive metastatic breast cancer patients using 17-AAG plus trastuzumab [48] . It is worth mentioning that the same dose and schedule of 17-AAG was used in this trial as the other failed clinical trials described earlier [19] . With 64 Cu-DOTA-trastuzumab PET imaging, more comprehensive information can be retrieved noninvasively including HER-2 expression status, antibody delivery and distribution, and early response to the combined treatment.
Conclusion
We describe here the use of quantitative HER-2 PET imaging with 64 Cu-DOTA-trastuzumab for monitoring the early therapeutic response upon 17-DMAG treatment in a SKOV-3 human ovarian cancer model. The quantification of HER-2 degradation during 17-DMAG treatment using PET imaging is consistent with the in vitro and ex vivo measurements. This approach may be clinically translated to monitor the therapeutic response in HER-2-positive cancer patients under 17-DMAG treatment and to select patients for 17-DMAG and trastuzumab combination therapy.
